We re-examine the consequences of collisional energy exchange between the baryonic and the dark matter in the cores of galaxy clusters and derive a new upper limit on the cross section. If the dark matter particle mass m x is greater than the proton mass m p , then consistency with the observed temperature profiles in clusters constrains the cross section to be σ xp < 10 −25 cm 2 (m x /m p ). For m x /m p ∼ 0.2 − 0.3 the dark matter-baryon interaction may, however, explain the absence of cooling flows.
Introduction
While the existence of "dark" matter particles (DMPs) is one of the main pillars of the standard cosmological paradigm, the nature of these particles and the way they interact with the ordinary matter remain a puzzle. The underground experiments have excluded many potential candidates whose expected interaction cross-section with the baryons σ xp lies in the range ∼ 10 −40 − 10 −30 cm 2 (e.g. Akerib et al. 2004) . Above this range additional limits can be obtained either from satellite experiments (e.g. Wandelt et al. 2000) or from the observations of different astrophysical systems (Starkman et al. 1990; Chen, Hannestad, & Scherrer 2002) . Using the latter method we derive a new constraint on σ xp using the observations of galaxy clusters.
As baryons fall into the dark matter (DM) halos, the gravitational virial theorem implies that the gas and DM particles have similar velocity dispersions, V . Since the average energy of a particle of mass m is 3mV 2 /2, the direction of collisional energy transfer between baryons and DMPs depends mostly on their masses. For m x > m p and large enough collisional cross section, heating by DM overcomes radiative cooling and increases the temperature. Since the energy transfer rate is proportional to density, the temperature would be highest at the centers of clusters. However, the observed temperature in most clusters decreases towards the center. Based on this we will show that the dark-matter-baryonic interaction cross section is σ xp < 10 −25 (m x /m p ) cm 2 , two orders of magnitude lower than the previous limit obtained from stability analysis of galactic disks and DM halos (Starkman et al. 1990 ). Qin & Wu (2000) have argued that for m x ≫ m p the collisional interaction between the DM and gas might explain the deficit of cold gas (T < 10 7 K) in cluster cores, as suggested by Chandra and XMM-Newton observations (Kaastra et al. 2001; Peterson et al. 2001; Tamura et al. 2001 
The letter is organized as follows. In §II we derive the cross-section limits for the case of heavy DMP. In §III we consider the possible relation between gas-DM interaction and the absence of cooling flows. We summarize our results in §IV.
Cross-section limits for heavy
DMPs (m x /m p > 10 5 )
In hydrodynamical simulations of structure formation clusters form with temperature increasing towards the center (e.g. Navarro, Frenk, & White 1995) . Therefore if the heating by DMPs is stronger than cooling then the temperature will always be highest at the center. The heating effect should be most prominent in the hottest clusters, where the energy transfer is fastest and the cooling is slowest. The observed temperature profiles, however, show decrease towards the center in many hot clusters, implying that cooling overcomes heating. By equating heating and cooling rates we derive below an upper limit on the DM-baryon interaction crosssection.
At high temperatures radiative cooling is dominated by bremsstrahlung which gives the cooling rate
We assume that both protons and the DMPs have Maxwellian velocity distributions with (one-dimensional) velocity dispersions V p and V x , respectively. For m x ≫ m p and m x V 2 x ≫ m p V 2 p the energy transfer rate per unit volume is (Qin & Wu 2000) 
where cos θ = (u 2 + v 2 − s 2 )/2uv, and n p and n x are number density of protons and DMPs, respectively. We have found that eq. 2 yields the heating rate
where N p ≈ 2.2 is the number of gas particles per proton. The velocity dispersion of the protons can be measured directly from the observed gas temperature using V 2 p = kT /m p , where typically T ∼ T vir . The determination of the velocity dispersion of the DM is less certain. Numerical simulations of collisionless DM typically predict that in the central region the density diverges as ρ(r) = ρ s (r s /r) and the velocity dispersion decreases as V 2 x ∼ GM(r)/3r ∼ 2πGρ s r s r (Hernquist 1990; Navarro, Frenk, & White 1997) . X-ray and lensing observations relate between ρ s and r s , and the gas virial temperature. For a typical galaxy cluster η = 4πρ s r 2 s µm p /(kT vir ) ≈ 10 (Ettori & Fabian 2002) . For NFW gravitational potential (Navarro, Frenk, & White 1997 ) and the initial temperature profile given by SPH simulations the central density of protons is n p ≈ ρ s /m p , assuming a global gas mass fraction of f gas ∼ 0.15. Therefore, for collisionless DM we find that cooling balances heating (i.e H = L) at the center of a cluster if If the DM is self-interacting, then local variation in velocity dispersion are smoothed out by the collisions among the DMPs. Depending on the effectiveness of this process the velocity dispersion ranges from V 2 x ∼ GM(r)/3r, as in collisionless case, to a constant value for entire cluster, kT vir /µm p . In the latter case the balance between heating and cooling is achieved when
. (5) The observed gas fraction typically drops to about 0.05 at the central region of a cluster .
Since the central temperature of the gas must have been several times higher before cooling starts to operate, the central gas fraction should have been around 0.01 to maintain pressure equilibrium. Thus for self-interacting DM the consistency with observed temperature profiles in clusters with T vir ∼ 1.5 · 10 8 K may require σ xp < 10 −26 (m x /m p ) cm 2 .
Suppression of cooling flows
Qin & Wu (2000) have suggested that the energy transfer from heavy DM particles (m x /m p > 10 5 ) can balance cooling and thus explain the deficit of the cold gas in clusters (Kaastra et al. 2001; Peterson et al. 2001; Tamura et al. 2001 ). We argue here that for heavy DM particle no single value for the cross-section can explain the observed temperature profiles in all clusters. As follows from eqs. 1 and 3 the heating rate per baryon rises more steeply with temperature than the cooling (T 3/2 vir vs T 1/2 vir ). Thus for a fixed σ xp only a limited number of clusters can have temperature profiles consistent with observations. In hotter clusters the temperature would rise towards the center, while it would drop to zero in colder ones.
An alternative solution may exist if m x /m p ∼ 0.2 − 0.3, which is also outside the exclusion range of XQC (see fig.1 ). In this case gas can be thermally stable, since the energy transfer between DM and gas is halted when both are at the same temperature (which for the m x /m p > 10 5 happens only at T > 10 12 K). If the velocity dispersion of the DM is roughly constant throughout the cluster then the ratio between the initial gas and DM temperatures is m x /µm p ∼ 2 − 3. At the outer regions of the cluster the density is too low for energy transfer to affect the gas temperature. However at the center the gas temperature would fall close to the DM temperature. This scenario may explain why the gas temperature in clusters converges to a fixed fraction of the virial temperature (1/3 -1/2), rather than to some fixed physical temperature (Peterson et al. 2004 ).
Conclusions
The new limit we derive on the crosssection for m x ≫ m p is lower by nearly two orders of magnitude than the limit based on the stability of galactic DM halos. Figure 1 shows various constraints on the cross section in the plane of σ xp and m x .
The calculations we have done for protons can be extended to other gas particles, such as electrons and helium ions. For helium, using V He = V p (m p /m He ) 1/2 and n He = n p /12, we obtain σ xHe < 6 · 10 −25 (m x /m p ) cm 2 , while for electrons
1/2 and n e = 1.2n p , the limit is σ xe < 3 · 10 −24 (m x /m p ) cm 2 .
We have neglected additional sources of heat, such as AGN, thermal conduction, SN feedback. Including these effects can make our limit on baryon interaction with heavy DMPs considerably stricter.
For m x ∼ (0.2 − 0.3)m p collisional energy exchange between the DM and gas can balance radiative cooling, offering an explanation for the lack of metal lines corresponding to T < 10 7 K in clusters.
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